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ABSTRACT 
The allelic diversity (AD) project of the Germplasm Enhancement of Maize 
program utilized the double haploid (DH) breeding method to expedite release of lines 
from 300 exotic maize races.  Differential effects on haploid induction rates (HIR) and 
chromosome doubling rates (DR) associated with the recurrent parents PHB47 and 
PHZ51, the elevation that the race is traditionally grown at, and the race itself were 
examined.  Races from the AD project were grouped by elevation (high, middle, or low 
altitude) of their country of origin.  Six races per elevation were randomly selected and 
backcrossed using both recurrent parents to generate 36 populations.  Ten replications 
were randomized in a complete randomized design for two growing seasons (2011, 2012) 
to estimate HIR, and one growing season (2013) to estimate DR.  In the HIR study, 
populations were pollinated with a haploid inducer line.  Seed progeny were screened the 
following winter and the number of haploid, hybrid, and contaminate seeds were 
recorded and analyzed. The recurrent parent effect was significant with PHB47 having a 
higher HIR than PHZ51.  Elevation was significant with higher HIR associated with low 
elevation origin, and race also proved to be significant.  In the DR study, the populations 
were treated with colchicine as seedlings to promote chromosome doubling.  Haploid 
plants that successfully doubled and had functional ear and tassel structures were self-
pollinated. Recurrent parent, elevation, and race effects were all non-significant for DR 
and kernel set per ear.   
The doubled haploid breeding method can produce maize inbred lines more 
rapidly than traditional methods, but there are challenges.  Sorting haploid from hybrid 
seed based on visual color markers is time consuming, and can be difficult due to color 
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inhibitors that obscure pigmentation needed to distinguish between haploid, hybrid, and 
outcrossed seed.  In this study, weight was evaluated as a method to sort haploid from 
hybrid seed.  A preliminary experiment utilized two families for analysis.  Eleven haploid 
and eleven hybrid kernels from each family were weighed for a total of 44 experimental 
units.  A second experiment used six families and the same format as the previous, for 
132 experimental units.  Hybrid seed weighed significantly more than haploid seed in 
both experiments.  However, the interaction between line and kernel type was significant 
in the second experiment.  In conclusion, efficacy of sorting haploid from hybrid kernels 
based on weight depends on the genotypes involved. 
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CHAPTER I 
 INTRODUCTION 
 
Doubled haploid (DH) line development enables production of fixed, 
homozygous lines in fewer generations than traditional methods (Szrarejko and Forester, 
2007; Chang and Coe, 2009; Geiger and Gordillo, 2009).  To develop a line that is 
theoretically 99.2% homozygous would take eight generations, but with the use of DH 
technology 100% homozygosity can be achieved in two.  Traditional methods are less 
labor intensive and most work can be done with minimal training of staff.  The DH 
method requires more skilled labor, training, time, and resources than a traditional 
breeding protocol.  However, elimination of lines with poor agronomic performance or 
deleterious effects can be accomplished more rapidly using the DH method, as 
undesirable genes are not masked by heterozygosity (Chang and Coe, 2009).  Thus DH 
technology leads to viable lines that are useful for plant breeding programs (Chalyk, 
1994). 
In vivo induction of maternal haploids occurs when a female plant is pollinated by 
a haploid inducer line, resulting in a small number of haploid progeny in addition to 
normal F1 progeny (Geiger, 2009).  There are two hypotheses on haploid embryo 
formation.  The first hypothesis involves two sperm cells, one of which is non-functional.  
The non-functional sperm cell fuses with the egg cell and the normal sperm cell fuses 
with the central cell to create a normal triploid endosperm (Geiger, 2009).  Subsequently, 
the non-functional sperm cell’s chromosomes are purged from the embryo through 
multiple cell divisions (Geiger, 2009).  The other hypothesis involves two normal sperm 
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cells, but one cannot fuse with the egg cell resulting in haploid embryogenesis, while 
fertilization by the other sperm cell creates the triploid endosperm (Geiger, 2009).   
In nature, haploid frequency is low.  In Chase’s 1949 study the average haploid 
frequency was 0.1% (Coe, 1959).  However, there are unique genotypes that have the 
ability to induce a higher than normal frequency of haploid seedlings (Chang and Coe, 
2009).  One such genotype is RWSxRWK-76, developed at the University of 
Hohenheim, which has an average induction rate of 9-10% (Geiger, 2009).  RWS and 
RWK-76 are related lines, but their F1 is more vigorous and sheds more pollen compared 
to either parental line (Geiger, 2009).  Like most inducers, RWSxRWK-76 uses the R1-nj 
(Navajo) marker gene to distinguish haploid from hybrid or contaminated kernels.  Any 
hybrid kernel will display a purple cap on the endosperm and a purple scutellum (Chang 
and Coe, 2009; Geiger, 2009).  Haploid kernels have a purple cap on the endosperm, but 
the scutellum is colorless, and contaminants will have no color markings at all (Chang 
and Coe, 2009; Geiger, 2009).  To identify putative haploid kernels based on color 
markers is a time consuming effort, and not all maize backgrounds will display good 
visual markers.  Three color inhibitor genes (C1-I, C2-Idf, and In1-D) disrupt 
anthocyanin pigmentation (Eder and Chalyk, 2002) are typically found in flinty 
endosperm backgrounds (Röber et al., 2005; Eder and Chalyk, 2002).   
There are haploid induction and progeny screening methods that use transgenic 
inducers resistant to an herbicide and screen progeny based on herbicide sensitivity, or 
that use a high oil inducer line and sort based on seed oil content.  With use of a 
transgenic herbicide-resistant inducer, seedlings are treated with herbicide on a small area 
of a leaf; leaf tissue injury results on haploid seedlings (Geiger, 2009).  The high oil 
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inducer line produces diploid progeny with larger embryo size and higher oil content than 
haploid progeny seed, and progeny can be classified using nuclear magnetic resonance 
(Chang and Coe, 2009).   
Doubling haploid individuals is the hardest part of the DH method.  Haploid 
plants can be chimeric due to spontaneous doubling occurring in sectors of the plant, and 
the ability for a plant to double in sectors lies in the spontaneous doubling of a cell via 
somatic cell fusion, endoreduplication, endomitosis or possibly another mechanism 
(Jensen, 1974; Testillano et al., 2004; Chang and Coe, 2009).  The lower a cell’s DNA 
content, the more likely the cell will go through some endoploidy event (Barow, 2006). 
The difference between endomitosis and endoreduplication depends on when the event 
occurs.  Endoreduplication occurs when mitosis is stopped before cytokenisis and creates 
larger nuclei with higher DNA levels (Engelen-Eigles et al., 2000) while endomitosis 
occurs when a cell does not complete the mitotic process (Lee et al., 2009).  Studies done 
on various plant cells and tissues evaluating endoreduplication suggest that it is 
moderated by auxin, absisic acid, cytokinin, and gibberellin (Larkins et al., 2011).  Also, 
studies done on endoreduplication in the endosperm of maize have shown that the 
capacity for endoreduplication seems to be maternally inherited (Engelen-Eigles et al., 
2000; Larkins et al., 2001), and higher temperatures (35°C compared to 25°C) can reduce 
the amount of endoreduplication observed (Barow, 2006).  The range of spontaneous 
fertility restoration of the ear ranges from 25%-94% (Chalyk, 1994; Liu and Song, 2000; 
Chang and Coe, 2009), and restoration of tassel fertility ranges from 2.8%-46% 
(Shatskaya et al., 1994; Liu and Song, 2000; Wei and Chen, 2006; Chang and Coe, 
2009).  The low percentage of tassel fertility restoration is the major limiting factor to 
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producing seed from a haploid plant.  In addition to the limitations for spontaneous 
fertility restoration, the haploid plant is less vigorous and more likely to show symptoms 
in a stressful environment (Chase, 1952; Chalyk, 1994; Geiger, 2009).  There are 
artificial methods of chromosome doubling as well.  Kato (2002) developed a method to 
treat haploid plants with nitrous oxide gas, but this method is very tedious and there is a 
need for specialized equipment (Chang and Coe, 2009; Geiger 2009).  Another option is 
to use a colchicine treatment.  Eder and Chalyk (2002) used a method that treats haploid 
seedlings at the three to four leaf stage with a 0.125% colchicine solution with 0.5% 
dimethyl sulfoxide that is injected right above the growing point in the stem.  Using 
artificial doubling methods has resulted in  an average doubling rate (DR) of 44% for 
haploids treated with nitrous oxide (Kato, 2002) or 27.3% for the method of colchicine 
injection of Eder and Chalyk (2002), which are higher than 3.3% found by Chalyk (1994) 
in spontaneous doubling haploids. 
Until recently, the use of DH technology in maize has not really been utilized or 
evaluated for tropical germplasm (Belicaus et al., 2007).  Tropical inducer candidates that 
could produce a ten percent induction rate in a tropical environment were reported 
(Prigge et al., 2012).  Temperate inducers can be effective for tropical germplasm in a 
tropical environment too (Prigge et al., 2011).   
Lines from the Gemplasm Enhancement of Maize (GEM) breeding crosses were 
evaluated for yield based on various breeding methods, including the DH breeding 
method.  The DH method was as effective as other breeding methods for producing lines 
that yield; including the pedigree method and modified single seed descent (Jumbo et al., 
2011).  The GEM program provides adapted, introgressed tropical germplasm resources 
5 
 
that are useful for evaluating tropical materials in a temperate environment.  It is a public 
and private collaboration to increase and improve the diversity of elite U.S maize 
germplasm (Pollak, 2003).  Using the traditional GEM protocol, germplasm from 20 
countries has been adapted to the Corn Belt. A new GEM effort,  “allelic diversity” (AD) 
was established with the objective of sampling previously unused races and developing a 
comprehensive collection of adapted maize lines with introgressions of exotic alleles 
from ~300 exotic races of maize, including representation of rare alleles.  These exotic 
donor races are too late and photoperiod sensitive to be used for crosses in the Midwest 
directly.  Therefore, each race is crossed to two expired plant variety protection (PVP) 
lines, PHB47 (stiff stalk heterotic group) or PHZ51 (non-stiff stalk group), after 
photoperiod (short day) treatment (Gardner et al. 2009) of the exotic donor populations.  
Resulting F1s are usually still un-adapted to the Midwest.  The F1s are backcrossed to the 
respective recurrent parent to create backcross (BC1) families.  Most BC1s are 
sufficiently adapted to Midwestern conditions to allow line development in Iowa.  Using 
the DH method for the AD project would hasten release of germplasm from the 300 
races.  Using traditional breeding methods of selfing to homozygosity, at least nine 
seasons are theoretically required to inbreed and increase lines for release, depending on 
the germplasm involved.  Using the DH method, lines could be released as early as three 
seasons after making the induction cross.   
The objectives of this research are intended to address several questions regarding the 
use of exotic (AD) germplasm and applicability of the DH method: 
1. Is the success of haploid induction or doubling processes impacted by a) the 
choice of elite Ex-PVP line as recurrent parent impacts efficiency of DH line 
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development, b) exotic donor parent differences impact DHs, and c) origin based 
on elevation (highland versus lowland)?  Two experiments were conducted to 
evaluate whether these factors impact haploid induction and doubling.   
2. Can kernel weight be used to distinguish haploid kernels from the hybrid kernels 
found in the induction crosses made to start the DH process?  Sorting haploid 
kernels using physical markers is labor intensive and can be very subjective.  The 
use of weight would reduce the labor necessary for sorting and could reduce the 
error of selecting hybrid seed during the sorting process. 
 
Organization 
Results of research to evaluate the above objectives are presented in the following 
chapters with relevant tables.  Interpretation and description of previous DH work of the 
AD project follows, to help give the reader a better understanding about the issues faced 
with using the DH method in allelic diversity germplasm. 
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CHAPTER 2. 
PREVIOUS DOUBLED HAPLOID WORK IN THE ALLELIC DIVERSITY 
PROGRAM 
 
Introduction 
Doubled haploid (DH) line development enables production of fixed, 
homozygous lines in fewer generations than traditional methods (Szrarejko and Forester, 
2007; Chang and Coe, 2009; Geiger and Gordillo, 2009).  To develop a line that is 
theoretically 99.2% homozygous would take eight generations, but with the use of DH 
technology 100% homozygosity can be achieved in two.  Traditional methods are less 
labor intensive and most work can be done with minimal training of staff.  The DH 
method takes more skilled labor, training, time, and resources than a traditional breeding 
protocol.  However, elimination of lines with poor agronomic performance or deleterious 
effects can be accomplished more rapidly using the DH method, as undesirable genes are 
not masked by heterozygosity (Chang and Coe, 2009).  Thus DH technology leads to 
viable lines that are useful for plant breeding programs (Chalyk, 1994). 
The use of DH technology in maize has not been well studied for tropical 
germplasm (Belicaus et al., 2007).  Currently, available inducer lines are not adapted to 
tropical environments (Belicaus et al., 2007) and 100% tropical materials are not adapted 
for Midwestern environments.  To evaluate tropical materials in a temperate 
environment, the Germplasm Enhancement of Maize (GEM) program provides a vast 
array of adapted sources.  The GEM program is a public and private collaboration to 
increase and improve the diversity of elite U.S. maize germplasm (Pollak, 2003).  Using 
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the traditional GEM protocol, germplasm from 20 countries has been adapted to the Corn 
Belt.  The objective of the “allelic diversity” (AD) project is to develop a comprehensive 
collection of adapted maize lines with introgressions of exotic alleles from ~300 exotic 
races of maize, including representation of rare alleles (Blanco & Smelser 2011).  These 
exotic donor races are too late and photoperiod sensitive to be used for crosses in the 
Midwest directly. Therefore, each race is crossed to two expired plant variety protection 
(PVP) lines, PHB47 and PHZ51, after photoperiod (short day) treatment of the exotic 
donor populations. PHB47 represents the stiff stalk heterotic group, and PHZ51 is 
representative of the non-stiff stalk group. Resulting F1s are usually still too un-adapted 
to the Midwest. The F1s are backcrossed to the respective PVP lines PHB47 or PHZ51 as 
the recurrent parent to create backcross 1 (BC1) families.  Most BC1s are sufficiently 
adapted to Midwestern conditions to allow line development in Iowa.  Using the DH 
method on the AD project would hasten the ability to release germplasm from the 300 
races.  Using traditional breeding methods of selfing to homozygosity theoretically 
requires at least nine seasons to inbreed the lines and increase them for release, 
depending on the germplasm involved.  Using the DH method, lines could be released as 
soon as four seasons after making the induction cross.   
In this paper, in vivo doubled haploid technology was used, and haploid induction 
and chromosome doubling rates evaluated for a set of backcrosses to maize races.  
Results of two recurrent parents used to make the backcrosses were compared to 
determine whether the backcross parent had an impact on induction and doubling rates.   
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Materials and Methods 
Induction of haploid seed 
In all years, nursery fields were treated with Harness® herbicide at a rate of 1.96 
kg active ingredient (ai)/ha incorporated into the soil prior to planting, and were fertilized 
with 168.2 kg/ha of nitrogen, 39.2 kg/ha of potassium, and 39.2 kg/ha of phosphorus 
incorporated into the soil.  In the summer of 2008, 74 BC1 populations representing 50 
different races were pollinated by a maternal haploid inducer, RWS x RWK-76, with a 9-
10% haploid induction rate (Geiger 2009).  Approximately 65% of the BC1 families had 
been backcrossed to both expired PVP lines, PHB47 and PHZ51.  Five pollinations were 
made per row with the haploid inducer, and five rows per population, for a total of 25 
pollinations per population.  Ears within a row were bulked and each of the five rows per 
population packaged separately.  Kernels were sorted during winter 2009 based on a 
color marker to differentiate between hybrids, contaminates (any seed not containing the 
R1-nj marker) and haploids.  If the kernel expressed the purple Navajo marker (R1-nj) on 
the cap of the kernel, it was assumed that it resulted from pollination with the haploid 
inducer, and would either be haploid or a hybrid.  Kernels without purple caps were 
considered to be contaminates and discarded.  If a kernel had both a purple cap and a 
purple scutellum, it was considered to be a hybrid and discarded.  If a kernel lacked a 
purple scutellum and had the R1-nj marker on the kernel cap, the kernel was considered 
to be a putative haploid. Data on kernels that could not be identified properly using color 
markers were not entered and did not contribute to the calculation of induction 
percentages. 
12 
 
In the summer of 2009, 78 previously unsampled populations (42 races) from the 
allelic diversity program were induced using the RWSxRWK-76 F1.  Five rows per 
population were planted and five pollinations per row were made to create 25 pollinations 
per population.  During the winter of 2009-2010, ears were shelled and putative haploids 
were sorted and selected.   
 
Genome Doubling of Haploids 
In the summer of 2009, colchicine and Stealth® herbicide were evaluated for their 
efficacy in doubling haploid germplasm. In total, 150 putative haploids from each of 
the74 populations were planted in ten 1.5 m long x 76.2 cm wide row plots (15 kernels 
per row) on May 20.  All 74 populations were sprayed once during the three leaf stage 
with Stealth® herbicide, a microtubule inhibitor, at 0.93 kg ai/ha to promote doubling.  
For 14 populations, sufficient putative haploid kernels were available to also evaluate 
doubling with colchicine, by injection of 0.125% colchicine solution with 0.5% dimethyl 
sulfoxide at the 3-4 leaf stage (Eder and Chalyk, 2002) on May 31.  Plants remained 
sheltered in the green house until June 16 (5-6 leaf stage) and then placed outside.  The 
colchicine-treated plants were transplanted in the field (same plot dimensions as the 
Stealth® group) on June 17, 2.5 weeks after the other rows in the field were sprayed with 
Stealth®.  Prior to pollination, obvious hybrid plants (vigorous plants with red stalk) 
were removed from the field and recorded.  
In 2010, 50 putative haploid kernels per population were planted into book cells 
in a greenhouse for future transplanting following colchicine treatment.  Each book 
contained five cells and each tray could hold up to 10 books.  Each seedling was treated 
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with colchicine using the same method used in 2009 and returned to the greenhouse.  On 
May 13 the plants were transplanted into the field with a mechanical transplanter and 
irrigated.  Each population was planted in a 7.6 m x 76.2 cm row.  Removal of hybrids 
and pollinating methods were completed as in 2009.  A large shading structure which 
shaded out 50% of the sunlight was used to reduce the light intensity from July 1 (prior to 
tassel emergence) until July 17.  Approximately 95-98% of the tassels emerged by July 
17, but the number of potentially shedding tassels is unknown due to severe damage from 
a windstorm July 17/18.   
During the pollination periods in 2009 and 2010, the DH nursery was examined 
twice daily for plants with exposed anthers.  The plant tissues will be chimeric in nature, 
including the tassel.  The potential for a plant to double in sectors is due to spontaneous 
doubling of a cell via somatic cell fusion, endoreduplication, endomitosis or possibly 
another mechanism (Chang and Coe, 2009; Jensen, 1974; Testillano et al., 2004).  Most 
tassels will only have small fertile sectors producing viable pollen.  This necessitated 
tassel evaluation twice daily to increase the odds of making a pollination.  If pollen 
shedding anthers were found for a haploid plant, then self-pollination was attempted the 
same day.  If necessary, ear husks were cut back to provide access to silks.  If there were 
multiple shedding anthers, the anthers were tapped onto a bag and the pollen applied onto 
the available silks.  If only one or two anthers were shedding, then the anthers would be 
plucked off the tassel, placed on a pollinating bag, cut open, tapped to release the pollen, 
and the pollen applied to the silks.  During the season, 70% of pollinations were 
estimated to have required treatment via the latter method.  Percent doubling was 
calculated by dividing the number of plants bearing an ear with kernels (one or more 
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kernels) by the final plant population.  Any ears with segregating kernels or kernels 
expressing the Navajo gene were considered hybrid and were not entered into the 
calculation.    
The data presented in this paper were recorded from material harvested from line 
development nursery plantings dedicated to the objectives of the GEM program’s allelic 
diversity project, namely to produce introgressed lines of all of the maize races for 
research use.  The nursery plantings were not designed as an experiment to be statistically 
analyzed, but the information provides a unique opportunity to review initial outcomes of 
the use of doubled haploid breeding with a diverse set of unadapted South American 
maize races.   
 
Results 
  Induction and doubling percentages from the 2008-2009 and 2009-2010 growing 
seasons are reported in Tables 1 and 2, respectively.  Missing values are due to a 
population/ex-PVP combination not being available for induction.  A zero indicates that 
plants in the population failed to induce or double.  Haploids were obtained from all BC1 
populations (152 total representing 86 races), but 36 of the 152 populations (23.7%) 
failed to double.   
In 2009, the Cónico Norteño race had the highest doubling rate (24%) for BC1’s 
developed using ex-PVP line PHB47 (Table 1), and the Early Caribbean race had the 
highest doubling rate at 16% for BC1’s developed using ex-PVP line PHZ51.  In 2010, 
the Tehua race backcrossed to PHZ51 had the highest doubling rate (14.3%) and Avati 
Morotî Guapy backcrossed to PHB47 had the highest doubling rate at 13.3% (Table 2).  
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The average kernel set (per ear) for a race backcrossed to PHZ51 was 15.2, compared to 
9.8 when that race was backcrossed to PHB47 over both years (data not shown). 
The overall summary for haploid induction and doubling over both years is 
presented in Table 3.  The haploid induction rate for 2008 and 2009 was 5.9% and 9.3% 
respectively.  The haploid doubling rate was 7.1% in 2009, and 3.8% in 2010.  There 
were 24 accessions backcrossed to both PVP lines in 2008, and 36 accessions in 2009.  
When the races were backcrossed to PHZ51, the induction rate was 6.4% and 10.0% for 
2008 and 2009 respectively (Table 4).  The induction rate was 5.4% and 9.2% when a 
race was backcrossed to PHB47 in 2008 and 2009 respectively (Table 4).  The increase in 
induction percentage for 2009 over 2008 is mainly due to a different method of sorting 
out haploid types and the resulting kernel counts.  In 2008, aborted, broken, and diseased 
kernels were included in the counting process, and every kernel was counted by a 
mechanical seed counter.  Fewer categories for kernel type were used in 2009 and the 
kernels were counted by hand.  Aborted, diseased, and broken kernels were not included 
in the induction percentages for 2009.  Also, availability of pollen to make the induction 
crosses could have played a role in the induction percentages.  In the summer of 2008, 
only 200 seeds of the inducer lines were planted due to low seed inventory, compared to 
the summer of 2009 where 810 kernels were planted to make the induction crosses.  
The average doubling rate when backcrossed to PHB47 was 8.4%, and 6.2% 
when backcrossed to PHZ51 in 2008. In 2009, the average doubling rates for PHB47 and 
PHZ51 were 4.3 and 3.2% respectively (Table 4).  In the summer of 2010, a severe wind 
storm on July 18 with sustained winds between 60 and 70 miles per hour destroyed the 
shading structure, and in the process damaged tassels and blew off shoot bags during 
16 
 
silking.  This unforeseen damage severely affected the number of pollinations that could 
be attempted, and contributed to a reduced doubling rate of 3.8% (compared to the 2009 
colchicine trial at 19%).  Irrespective of the damage, the relative average doubling rates 
for the two testers were the same in 2008 and 2009. 
Colchicine-treated germplasm doubled at an average of 19% overall (Table 5).  
The race Kcello Ecuatoriano had 36% doubling, the highest rate, and Raton and Curagua 
Grande had the lowest rate at 0%.  Eight other populations doubled at a rate between 20-
25%, while the remaining three populations doubled between 8-17%.  In the herbicide 
treated group, those same 14 populations averaged 6% for doubling overall.  The highest 
rate of doubling for the herbicide treated group was that of the Early Caribbean 
population at 12%, and the lowest was that of BR106 (Tuxpeño) at 0%.  However, with 
colchicine, BR106 (Tuxpeño) doubled at 25%.  The only other population to reach a 
double digit rate was Aragüito at 11%.  The colchicine-treated group produced more 
doubled haploid kernels per ear, averaging 17.1 kernels, and the herbicide-treated group 
averaged 11.7 doubled haploid kernels per ear (data not shown). 
 
Discussion 
Approximately 85% of the kernels identified as putative haploids (using kernel 
color markers) were verified as haploids in the field nursery.  The remaining 15% were 
hybrids.  There were challenges associated with the unique backgrounds of the allelic 
diversity program germplasm.  Pr1 or R1 will create a dark red or purple seed coloring in 
the aleurone layer (Ford, 2000).  Expression of these genes for colored aleurone made it 
difficult to observe any markings needed for haploid identification.  Some of the races 
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must carry genes that inhibit aleurone color expression.  The Navajo marker will not be 
expressed if the genotype involved carries any of the three genes (C1-I, C2-Idf and In1-
D) that inhibit anthocyanin synthesis (Eder and Chalyk, 2002), making discrimination 
and detection of haploid seeds difficult, and resulting in mis-identification in the haploid 
screening process.  The inhibitor genes are reported to be present mainly in flinty 
backgrounds (Röber et al, 2005; Eder and Chalyk, 2002).  Further research is planned to 
develop higher throughput methods to identify haploid kernels.  Doubling techniques 
need to be improved in order to minimize the extensive resources that were required for 
use of double haploid technology in this project.  Based on a recent study, use of 
Stealth® herbicide was not shown to significantly result in more doubled haploids than 
spontaneous doubling using B73 (Gardner et al., 2010).  Environmental conditions play 
an important role in pollen shed and kernel development, and impact seed production 
with doubled haploid reproductive tissue.  Summer temperatures in 2010 were warmer 
than in 2009, which may have reduced doubling rates even without the severe windstorm.  
Further research will be conducted to assess the impact of environmental conditions on 
doubling rates. 
The data presented in this paper has led to a planned study to statistically evaluate 
induction and doubling rates among a random selection of races from the allelic diversity 
project using two ex-PVP lines, replicated, and repeated over  two years.  Another 
attempt to produce doubled haploids from those populations that failed previously will be 
made.  Long-term, we seek to understand why some germplasm populations respond well 
to doubled haploid line production methods while others do not.   
 Table 1.  Percent induction and doubling for 2008 and 2009 growing seasons 
  
Race 
  
Accession # 
  
Country 
Backcrossed to PHB47 Backcrossed to PHZ51 
% Induced % Doubled % Induced % Doubled 
Cristalino Amarallo PI 516163  Argentina 5.6% 13.0%     
Altiplano PI 485364 Bolivia 4.9% 17.0% 14.4% 4.0% 
Chake-Sara Ames 28744 Bolivia     5.6% 2.0% 
Coroico NSL 286500 Bolivia     3.8% 0.0% 
Karapampa NSL 286824 Bolivia 6.5% 6.0% 9.5% 6.0% 
Kcello Ecuatoriano Ames 28740 Bolivia 7.0% 7.0% 7.3% 4.0% 
Morado PI 485373 Bolivia 6.5% 23.0%     
Niñeulo PI 485371 Bolivia     6.8% 0.0% 
Patillo Ames 28736 Bolivia     5.5% 7.0% 
Patillo Grande Ames 28748 Bolivia 5.9% 7.0% 6.5% 6.0% 
Pisankalla NSL 286568 Bolivia 7.7% 6.0% 8.6% 8.0% 
Pojoso Chico NSL 286760 Bolivia 6.0% 7.0% 4.0% 4.0% 
Yungueño NSL 286578 Bolivia 5.5% 3.0% 4.7% 9.0% 
BR105 (Suwan) Ames 26251 Brazil 6.2% 0.0% 6.1% 9.0% 
BR106 (Tuxpeño) Ames 26252 Brazil 7.5% 11.0% 8.5% 0.0% 
Camelia NSL 42755 Chile 7.6% 3.0%     
Curagua Grande PI 485412 Chile 4.2% 2.0% 2.6% 4.0% 
Andaquí PI 444284 Colombia 4.8% 17.0%     
Cabuya PI 445323 Colombia 4.5% 10.0%     
Montaña PI 445252  Colombia 5.2% 12.0% 5.1% 0.0% 
Pira PI 445528 Colombia     6.8% 8.0% 
Yucatán PI 445514  Colombia 4.7% 7.0% 5.5% 13.0% 
Chandelle Ames 28574 Cuba     6.7% 2.0% 
CUBA164 (Mixed Creole) PI 489361 Cuba 2.6% 8.0% 4.5% 6.0% 
Candela NSL 287040 Ecuador 3.2% 9.0% 3.9% 3.0% 
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 Table 1. Continued 
Race Accession # Country
Backrossed to PHB47 Backcrossed to PHZ51 
% Induced % Doubled % Induced % Doubled 
Mishca PI 488016 Ecuador 4.9% 10.0% 10.0% 6.0% 
Yunquilano PI 485436 Ecuador 4.7% 3.0%     
Nal-tel amarillo de tierra baja Ames 28487 Guatemala     5.9% 1.0% 
Olotón Ames 28539 Guatemala 4.8% 11.0%     
San Marceño Ames 28511 Guatemala 4.1% 0.0%     
Early Caribbean Ames 28579 Martinique 7.2% 12.0% 8.2% 16.0% 
Bofo Ames 28481 Mexico 6.2% 17.0% 4.6% 5.0% 
Cónico PI 484601 Mexico 3.2% 0.0%     
Cónico Norteño PI 515577 Mexico 7.3% 24.0%     
Dulcillo de Noroeste PI 490973 Mexico 3.7% 17.0% 4.8% 8.0% 
Elotes Occident PI 484828  Mexico 5.2% 5.0% 5.6% 0.0% 
Elotes Occidentales PI 628414 Mexico     6.7% 2.0% 
Gordo PI 484406 Mexico 3.8% 14.0%     
Onaveño PI 484880  Mexico 5.2% 8.0% 4.8% 10.0% 
Raton PI 484454 Mexico 9.7% 3.0%     
Ancashino PI 514763 Peru 4.1% 5.0%     
Confite Puntiagudo Ames 28653 Peru 7.4% 3.0% 5.2% 5.0% 
Cuzco PI 485274 Peru     9.1% 6.0% 
Morado Canteño PI 515026 Peru 3.4% 20.0% 5.1% 7.0% 
Morocho PI 571413 Peru 3.7% 12.0% 7.6% 2.0% 
Morocho PI 503511 Peru 4.4% 2.0%     
Perla PI 571479 Peru 5.6% 2.0% 7.4% 3.0% 
San Juan Huancavelica PI 503711 Peru     5.5% 6.0% 
Aragüito NSL 283561 Venezuela 7.7% 11.0%     
Costeño Ames 28614 Venezuela 4.7% 4.0%     
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 Table 2. Percent induction and doubling for 2009 and 2010 growing seasons.
Race Accession # Country 
Backcrossed to PHB47 Backcrossed to PHZ51 
% Induced % Doubled % Induced % Doubled 
Capio Rosado Ames 28794 Argentina 8.9% 0.0% 8.5% 2.6% 
Culli Ames 28799 Argentina 7.0% 0.0% 8.6% 3.4% 
Oke PI 485459 Argentina 9.7% 7.1% 7.6% 0.0% 
Argentino NSL 286802 Bolivia 7.7% 4.2% 6.1% 2.7% 
Chake-sara Ames 28744 Bolivia 8.8% 0.0%     
Coroico blanco PI 485387 Bolivia 8.4% 8.0% 12.1% 2.0% 
Cubano dentado PI 485383 Bolivia 12.1% 5.4% 10.3% 11.4% 
Niñeulo PI 485371 Bolivia 8.2% 4.0%     
Caraja Ames 28919 Brazil 4.6% 2.9% 6.0% 11.5% 
Cateto Nortista PI 449478 Brazil 9.8% 0.0% 14.0% 0.0% 
Cravo riograndense PI 298525 Brazil 10.2% 4.2% 13.9% 5.6% 
Cristal NSL 6549 Brazil 7.8% 3.6% 11.6% 0.0% 
Pira PI 445528 Colombia 9.7% 5.0%     
Puya PI 444923 Colombia 7.6% 0.0% 9.5% 0.0% 
Blanco Blandito PI 488113 Ecuador 9.1% 6.7% 8.0% 2.6% 
Chillo PI 488066 Ecuador 10.4% 5.0% 15.5% 0.0% 
Patillo PI 488039 Ecuador 7.7% 3.8% 10.6% 6.1% 
Racimo de Uva PI 488109 Ecuador 7.4% 0.0% 13.5% 2.7% 
Comiteco Ames 28559 Guatemala 8.0% 4.0% 9.1% 0.0% 
Nal-tel amarillo de tierra baja Ames 28487 Guatemala 4.4% 8.1%     
Tepecintle   Guatemala 5.9% 0.0% 8.8% 2.5% 
Tuxpeño Ames 28567 Guatemala 10.7% 12.5% 8.9% 7.5% 
Elotes Occidentales  PI 628414 Mexico 6.4% 0.0%     
Reventador NSL 283385 Mexico 8.2% 9.4% 7.8% 2.3% 
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 Table 2. Continued 
Race Accession # Country 
Backcrossed to PHB47 Backcrossed to PHZ51 
% Induced % Doubled % Induced % Doubled 
Tehua Ames 29075 Mexico 7.1% 9.4% 9.0% 14.3% 
Tuxpeño Norteño PI 629142 Mexico 9.8% 0.0% 7.7% 8.3% 
Vandeño Ames 28466 Mexico 8.2% 3.8% 9.9% 2.9% 
Avati Morotî Guapy PI 485458 Paraguay 14.3% 13.3% 14.7% 0.0% 
Avati Morotî Tî PI 485457 Paraguay 13.7% 3.1% 12.5% 2.0% 
Semi dentado paulista PI 449576 Paraguay 8.8% 12.1% 9.6% 5.1% 
Alazan  PI 485330 Peru 8.0% 0.0% 5.9% 0.0% 
Amarillo Huancabamba Ames 28720 Peru 8.7% 0.0% 10.6% 0.0% 
Arequipeño Ames 28878 Peru 10.0% 3.1% 9.3% 6.7% 
Arizona  PI 485359 Peru 8.5% 5.3% 10.1% 9.4% 
Jora PI 571477 Peru 12.2% 12.5% 15.0% 9.4% 
Piricinco PI 571694 Peru 8.1% 0.0% 9.3% 0.0% 
Rabo De Zorro PI 514802 Peru 5.0% 8.3% 9.5% 0.0% 
Aragüito NSL 283561 Venezuela     9.6% 6.5% 
Canilla PI 485293 Venezuela 9.4% 3.1% 7.8% 2.7% 
Chandelle PI 488529 Venezuela 7.6% 0.0% 14.6% 0.0% 
Chirimito PI 504168 Venezuela 11.8% 0.0% 8.5% 0.0% 
Huevito Ames 28603 Venezuela 8.5% 5.1% 7.2% 0.0% 
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 Table 3. Average percent haploid induction and doubling from BC1 exotic populations 
Years 2008 & 20091 2009 & 20101 
Avg. % induced 5.9 9.3 
Induction Range  2.6-14.4 4.4-15.5 
Avg. % Doubled 7.1 3.8 
Doubling Range  0-24.0 0-14.3 
1 First year is induction; second year is doubling 
 
Table 4. Induction and doubling percentages among two PVP backgrounds crossed to the same accession 
Years of Number of Backcrossed to PHB471 Backcrossed to PHZ512 
Induction & Doubling Accessions % Induced % Doubled % Induced % Doubled 
2008 & 2009 24 5.4% 8.4% 6.4% 6.2% 
2009 & 2010 36 9.2% 4.3% 10.0% 3.2% 
1 Stiff stalk heterotic pattern background 
2 Non-stiff stalk heterotic pattern background 
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 Table 5. Percent doubling of 14 BC1 exotic populations when injected with colchicine or field application of herbicide 
in 2009 
Backcrossed       Colchicine Herbicide 
To Race Accession # Country % Doubled % Doubled 
PHZ51 Altiplano PI 485364 Bolivia 17% 4% 
PHB47 Karapampa NSL 286824 Bolivia 8% 6% 
PHZ51 Karapampa NSL 286824 Bolivia 20% 6% 
PHZ51 Kcello Ecuatoriano Ames 28740 Bolivia 36% 4% 
PHZ51 Pisankalla NSL 286568 Bolivia 21% 8% 
PHB47 Pojoso Chico NSL 286760 Bolivia 24% 7% 
PHZ51 BR105(Suwan) Ames 26251 Brazil 24% 9% 
PHZ51 BR106(Tuxpeño) Ames 26252 Brazil 25% 0% 
PHB47 Camelia NSL 42755 Chile 22% 3% 
PHB47 Curagua Grande PI 485412 Chile 0% 2% 
PHB47 Early Caribbean Ames 28579 Martinique 14% 12% 
PHZ51 Dulcillo del Noreste PI 490973 Mexico 27% 8% 
PHB47 Raton PI 484454 Mexico 0% 3% 
PHB47 Araguito NSL 283561 Venezuela 21% 11% 
  Overall   19% 6% 
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CHAPTER 3.  
HAPLOID INDUCTION OF ALLELIC DIVERSITY POPULATIONS 
 
Introduction 
In vivo induction of maternal haploids occurs when a female plant is pollinated by 
a haploid inducer line, resulting in a small amount of haploid progeny in addition to 
normal F1 progeny (Geiger, 2009).  There are two hypotheses on haploid embryo 
formation.  The first hypothesis involves two sperm cells, one of which is non-functional.  
The non-functional sperm cell fuses with the egg cell and the normal sperm cell fuses 
with the central cell to create a normal triploid endosperm (Geiger, 2009).  Subsequently, 
the non-functional sperm cell’s chromosomes are purged from the embryo through 
multiple cell divisions (Geiger, 2009).  The other hypothesis involves two normal sperm 
cells, but one cannot fuse with the egg cell resulting in haploid embryogenesis, while 
fertilization by the other sperm cell creates the triploid endosperm (Geiger, 2009).   
In nature, haploid frequency is low.  In Chase’s 1949 study the average haploid 
frequency was 0.1% (Coe, 1959).  However, there are unique genotypes that have the 
ability to induce a higher than normal frequency of haploid seedlings (Chang and Coe, 
2009).  One such genotype is RWSxRWK-76, developed at the University of 
Hohenheim, which has an average induction rate of 9-10% (Geiger, 2009).  RWS and 
RWK-76 are related lines, but their F1 is more vigorous and sheds more pollen compared 
to either parental line (Geiger, 2009).  Like most inducers, RWSxRWK-76 uses the R1-nj 
(Navajo) marker gene to distinguish haploid from hybrid or contaminated kernels.  Any 
hybrid kernel will display a purple cap on the endosperm and a purple scutellum (Chang 
and Coe, 2009; Geiger, 2009).  Haploid kernels have a purple cap on the endosperm, but 
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the scutellum is colorless, and contaminants will have no color markings at all (Chang 
and Coe, 2009; Geiger, 2009).  There are methods of haploid induction that use 
transgenic inducers resistant to an herbicide or use a high oil inducer and sorting by seed 
oil content.  With use of a transgenic herbicide-resistant inducer, seedlings are treated 
with herbicide on a small area of a leaf; leaf tissue injury results on haploid seedlings 
(Geiger, 2009).  The high oil inducer line produces diploid seed with larger embryo size 
and higher oil content than haploid seed and progeny can be identified using nuclear 
magnetic resonance (Chang and Coe, 2009). 
Until recently, the use of DH technology in maize has not really been utilized or 
evaluated for tropical germplasm (Belicaus et al., 2007).  Tropical inducer candidates that 
could produce a ten percent induction rate in a tropical environment were reported 
(Prigge et al., 2012).  Temperate inducers can be effective for tropical germplasm in a 
tropical environment too (Prigge et al., 2011).  Gemplasm Enhancement of Maize (GEM) 
breeding crosses were evaluated based on various breeding methods including the DH 
technology.  The DH method was as effective as other breeding methods (Jumbo et al., 
2011).  The GEM program provides adapted tropical sources that are useful in evaluating 
tropical materials in a temperate environment.  It is a public and private collaboration to 
increase and improve the diversity of elite U.S maize germplasm (Pollak, 2003).  Using 
the traditional GEM protocol, germplasm from 20 countries has been adapted to the Corn 
Belt. A new GEM effort, “allelic diversity” (AD), was established with the objective of 
sampling previously unused races and developing a comprehensive collection of adapted 
maize lines with introgressions of exotic alleles from ~300 exotic races of maize, 
including representation of rare alleles.  These exotic donor races are too late and 
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photoperiod sensitive to be used for crosses in the Midwest directly.  Therefore, each race 
is crossed to two expired plant variety protection (PVP) lines, PHB47 (stiff stalk heterotic 
group) or PHZ51 (non-stiff stalk group), after photoperiod (short day) treatment of the 
exotic donor populations.  Resulting F1s are usually still un-adapted to the Midwest.  The 
F1s are backcrossed to the respective Ex-PVP lines PHB47 or PHZ51 as the recurrent 
parent to create backcross 1 (BC1) families.  Most BC1s are sufficiently adapted to 
Midwestern conditions to allow line development in Iowa.  Using the DH method for the 
AD project would hasten release of germplasm from the 300 races.  Using traditional 
breeding methods of selfing to homozygosity, at least nine seasons are theoretically 
required to inbreed and increase lines for release, depending on the germplasm involved.  
Using the DH method, lines could be released as early as four seasons after making the 
induction cross.  Concerns with use of in vivo DH technology on AD sources are whether 
a) choice of elite Ex-PVP line as recurrent parent impacts efficiency of DH line 
development, b) exotic donor parent differences impact haploid induction rate (HIR) 
and/or DHs, and c) origin based on elevation (highland versus lowland) is associated with 
differences in HIR or DH development.  In this study, haploid induction rate was 
evaluated for two elite recurrent parents and 18 donor races from three elevation groups.   
 
Materials & Methods 
For this haploid induction study, selected races from the AD project were 
assigned to three elevation groups.  The high elevation group consisted of races above 
2,500 meters, mid elevation races between 1,500-2,499 meters, and low elevation races 
originating from elevations below 1,500 meters (Table 1).  Six races were randomly 
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selected from each of the three elevation groups for a total of 18 races.  These 18 races 
were represented in both Ex-PVP backgrounds, resulting in 36 populations.  For the 
growing seasons of 2011 and 2012, ten replications of each population were planted in a 
complete randomized block design, providing 360 experimental units each year.  Each 
replication consisted of one row containing at most ten plants.  At least three pollinations 
were attempted using the maternal haploid inducer RWSxRWK-76, to obtain seed for 
haploid screening.  Kernels were sorted during the winters of 2012 and 2013 based on a 
color marker to differentiate between hybrids, contaminates (any seed not containing the 
R1-nj marker) and haploids.  Any broken, germless, or diseased kernels were discarded 
and not utilized in the calculation of HIR.  If the kernel expressed the purple Navajo 
marker (R1-nj) on the cap of the kernel, it was assumed that it resulted from pollination 
with the haploid inducer, and would either be scored as haploid or a hybrid.  Kernels 
without purple caps were considered to be contaminates and discarded.  If a kernel had 
both a purple cap and a purple scutellum, it was considered to be a hybrid and discarded.  
If a kernel lacked a purple scutellum and had the R1-nj marker on the kernel cap, the 
kernel was considered to be a putative haploid.  The number of haploid, hybrid, and 
contaminate seeds were recorded to obtain haploid induction rates.  The HIR was 
calculated by dividing the number of haploid seeds by the total number of seeds in the 
experimental unit.  Using a 95% confidence interval, the following model was used to 
analyze the results: 
Yijkl = µ + Bi + Ej + BEij + R(j)k +BRi(j)k εijkl 
Where B = the effect of the ith background, E = the effect of the jth elevation 
group, BE = the interaction of background and race to the ijth level, R = the effect of the 
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kth race nested in the jth elevation group, BR = the interaction of background and race 
nested within elevation to the ijkth level, ɛ = the residual error, and a normal distribution 
was assumed.  Using SAS 9.2, probabilities and Tukey-Kramer comparison lines for least 
squares means were calculated. 
Results 
Across both the 2011 and 2012 growing seasons, populations with low elevation 
races had significantly higher HIRs than those with high or mid elevation groups (Pr  = 
0.0003) (Table 2).  The low elevation race populations averaged a HIR of 7.13% (Table 
2) and ranged from 6.31% for the Puya Grande race to 8.54% for the Tuxpeño Norteño 
race (Table 3).  The average HIR of the high elevation race populations averaged 6.24% 
(Table 2) with a range of 4.47% to 7.62% from Conico and Cuzco races, respectively 
(Table 4).  Middle elevation race populations averaged 5.62% (Table 2) for HIR and had 
rates that ranged from 4.16% HIR for the Amagaceño race to 6.41% HIR for the San 
Marceño (Table 3).  Recurrent Ex-PVP parent effects were significant (Pr = 0.0026), with 
PHB47 having a higher HIR, 6.67%, than PHZ51, 5.90% over the two years (Table 4).  
When the recurrent parent was PHB47, the HIR ranged from 4.34% for the Amagaceño 
race to 10.30% for the Tuxpeño Norteño race (Table 1).  When PHZ51 was used as the 
recurrent parent, the HIR ranged from 3.93% to 8.04% for the Amagaceño and Cuzco 
races, respectively (Table 1).  Finally, differences between races were significant as well 
(Pr = 0.0001), with Tuxpeño Norteño having the highest and Conico the lowest HIRs 
when means were adjusted for missing data and analyzed using the Tukey-Kramer 
comparison lines for least squares means (Table 3).  HIR for all races averaged 6.37%, 
and ranged from 4.16% - 8.54% for Amagaceño and Tuxpeño Norteño, respectively 
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(Table 3).  The highest HIR was 10.30% for Tuxpeño Norteño backcrossed to PHB47, 
and the lowest HIR was 3.93% from Amagaceño backcrossed to PHZ51 (Table 1).  The 
interaction of background and elevation was non-significant (Pr = 0.1639), however, the 
three way interaction of background and race nested in elevation was significant (Pr = 
0.0066). 
Discussion 
There were challenges associated with the unique backgrounds of the allelic 
diversity program germplasm.  Pr1 or R1 will create a dark red or purple seed coloring in 
the aleurone layer (Ford, 2000).  Expression of these genes for colored aleurone made it 
difficult to use the R1-nj kernel marker needed for haploid identification.  Some of the 
races likely carry genes that inhibit aleurone color expression.  The Navajo marker will 
not be expressed, if the genotype involved carries any of the three genes (C1-I, C2-Idf 
and In1-D) that inhibit anthocyanin synthesis (Eder and Chalyk, 2002), making 
discrimination and detection of haploid seeds difficult, and potentially resulting in 
misclassification during the haploid screening process.  These inhibitor genes are 
reported to be present mainly in flint backgrounds (Röber et al, 2005; Eder and Chalyk, 
2002).  Several of the races in this study are tropical flints.  Perhaps a different haploid 
screening and identification process that would be unaffected by colored aleurones or 
marker suppression would give different results than those found by our study.   
Lowland races have been shown to produce high seed yield independent of the 
environment, whereas highland races gave good seed set at high elevations only (Mercer 
et al., 2008).  Mid elevation races performed well independent of the environment, but 
seed quantities were lower than those of the lowland races (Mercer et al., 2008).  In our 
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study, the lower elevation races produced an average of eight percent more seed (data not 
shown) than the other two elevations in this experiment for haploid screening, similar to 
the observations of Mercer et al. (2008). Larger seed lots (sample sizes) offer more 
opportunity to observe better R1-nj marker expression and to identify more putative 
haploids, perhaps increasing the HIR when compared to the other elevation groups.  Over 
all races, approximately 33% more putative haploid and total seed was produced, when 
the recurrent parent was PHB47 compared to PHZ51 (data not shown).  As PHB47 is a 
stiff stalk female, and commercial females are selected for high seed parent yield, this is 
not surprising.  Having more seed to increase the odds of finding more accurately 
identified putative haploid seeds could explain the significant Ex-PVP recurrent parent 
effect on HIR.  Also, significantly more contaminate seed was found, when PHZ51 was 
the recurrent parent (Pr = 0.0001), which probably contributes to the lower HIR, as that 
contaminate category probably harbors putative haploids lacking readily detected visual 
marker expression.   
Currently, a two year study is being conducted to evaluate, whether donor race, 
elevation origin, and/or Ex-PVP recurrent parent impact chromosome doubling rates and 
DH line production, using the haploids generated in this study.  With PHB47 having a 
higher HIR for a  recurrent parent than PHZ51 in this study, it would be interesting to 
evaluate, whether or not stiff stalk lines are prone to producing proportionally more 
haploids than non-stiff stalk lines.  That study may identify potential PVP lines that could 
be exploited to facilitate the process of developing GEM DH lines from the AD project.  
A recent publication found that tropical germplasm being induced for haploids can vary 
significantly for HIR (Prigge et al., 2011), and the study done in this publication certainly 
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confirms those findings.  Long-term, we seek to understand why, in our experience, some 
germplasm populations respond well to doubled haploid line production methods while 
others do not. 
 
 Table 1. Entry list of races being evaluated and actual HIR 
 
 
Table 2. Evaluation of elevations using Tukey-Kramer comparison lines for least squares means. 
Letter Elevation Average HIR Range* Least squares means 
A Low 7.13% 4.47%-10.30% 6.70% 
B High 6.24% 3.94%-8.04% 5.96% 
B Middle 5.62% 3.93%-7.06% 5.57% 
Least square means with the same letter are NOT significant 
*Actual minimum HIR to maximum HIR 
 
Accession# Race Country Altitude (M) Elevation 
Backcrossed to 
PHB47 PHZ51
PI 483606 Cacahuacintle Mexico 2500 High 7.11% 5.66% 
NSL 286967 Chillo Ecuador 2500 High 7.28% 4.57% 
NSL 285802 Conico Mexico 2500 High 4.82% 3.94% 
PI 485274 Cuzco Peru 2850 High 7.37% 8.04% 
PI 503681 Cuzco Cristalino Peru 3250 High 6.28% 7.74% 
Ames 28865 Huancavelicano Peru 2850 High 6.22% 5.97% 
PI 443776 Amagaceño Colombia 1750 Medium 4.34% 3.93% 
PI 485359 Arizona Peru 1500 Medium 5.43% 6.26% 
PI 645786 Celaya Mexico 1500 Medium 6.20% 4.14% 
Ames 28748 Patillo Grande Bolivia 2320 Medium 5.49% 5.85% 
PI 444525 Sabanero Colombia 2400 Medium 5.76% 6.73% 
Ames 28507 San Marceño Guatemala 2408 Medium 7.06% 5.22% 
PI 444449 Comun Colombia 1100 Low 7.00% 7.85% 
NSL 286500 Coroico Bolivia 180 Low 7.31% 5.32% 
PI 489506 Harinoso de Ocho Mexico 100 Low 7.12% 6.44% 
Ames 28824 Puya Grande Venezuela 360 Low 6.54% 6.06% 
PI 511649 Tuxpeño Mexico 250 Low 8.00% 4.47% 
PI 629142 Tuxpeño Norteño Mexico 500 Low 10.30% 6.85% 
3
4
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Table 3. Evaluation of races using Tukey-Kramer comparison lines for least squares 
means. 
Letter Race 
Average 
HIR HIR Range* 
Least squares 
means HIR 
A Tuxpeño Norteño 8.54% 6.85%-10.30% 8.22% 
AB Cuzco 7.62% 7.37%-8.04% 7.39% 
AB Comun 7.36% 7.00%-7.85% 7.15% 
AB Harinoso de Ocho 6.85% 6.44%-7.12% 6.71% 
AB Cuzco Cristalino 6.78% 6.28%-7.74% 6.69% 
ABC Sabanero 6.17% 5.76%-6.73% 6.26% 
ABC Puya Grande 6.31% 6.06%-6.54% 6.16% 
ABC San Marceño 6.41% 5.22%-7.06% 6.15% 
ABC Cacahuacintle 6.64% 5.66%-7.11% 6.07% 
ABC Tuxpeño 6.60% 4.47%-8.00% 6.07% 
ABC Huancavelicano 6.15% 5.97%-6.22% 6.05% 
ABC Arizona 5.87% 5.43%-6.26% 5.96% 
ABC Coroico 6.49% 5.32%-7.31% 5.91% 
ABC Patillo Grande 5.59% 5.49%-5.85% 5.85% 
BC Chillo 6.45% 4.57%-7.28% 5.51% 
BC Celaya 5.59% 4.14%-6.20% 5.11% 
C Amagaceño 4.16% 3.93%-4.34% 4.12% 
C Conico 4.47% 3.94%-4.82% 4.01% 
Least square means with the same letter are NOT significant 
*Actual minimum HIR to maximum HIR 
 
Table 4. Evaluation of PVP background using Tukey-Kramer comparison lines for 
least squares means. 
Letter PVP Background Average HIR Range* Least squares means HIR 
A PHB47 6.67% 4.34%-10.30% 6.43% 
B PHZ51 5.90% 3.94%-8.04% 5.73% 
Least square means with the same letter are NOT significant 
*Actual minimum HIR to maximum HIR 
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CHAPTER 4. 
DOUBLING ALLELIC DIVERSITY HAPLOIDS 
 
Introduction 
Doubled haploid (DH) line development enables production of fixed, 
homozygous lines in fewer generations than traditional methods (Szrarejko and Forester, 
2007; Chang and Coe, 2009; Geiger and Gordillo, 2009). To develop a line that is 99.2% 
homozygous is expected to take eight generations, but with the use of DH technology 
100% homozygosity can be achieved in two.  Traditional methods are less labor intensive 
and most work can be done with minimal training of staff.  The DH method requires 
more skilled labor, training, time, and resources than a traditional breeding protocol.  
However, elimination of lines with poor agronomic performance or deleterious effects 
can be accomplished more rapidly using the DH method, as undesirable genes are not 
masked by heterozygosity (Chang and Coe, 2009).  Thus DH technology leads to viable 
lines that are useful for plant breeding programs (Chalyk, 1994). 
Genome doubling in haploid individuals is challenging.  Haploid plants are 
usually chimeric, as genome doubling occurs in some but not all cells of the plant.  
Genome doubling of a cell with a haploid genome can be the result of somatic cell fusion 
(of two haploid cells), endoreduplication, endomitosis, or possibly other mechanisms 
(Jensen, 1974; Testillano et al., 2004; Chang and Coe, 2009).  The lower a cell’s DNA 
content, the more likely the cell will undergo endopolyploidization (Barow, 2006).  The 
difference between endomitosis and endoreduplication depends on when endoploidy 
occurs.  Endoreduplication occurs when mitosis is stopped before cytokinesis and creates 
larger nuclei with higher DNA levels (Engelen-Eigles et al., 2000) while endomitosis 
occurs when a cell does not complete the mitotic process (Lee et al., 2009).  Studies of 
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various plant cells and tissues to understand endoreduplication suggest that it is 
moderated by auxin, absisic acid, cytokinin, and gibberellin (Larkins et al., 2011).  Also, 
studies of endoreduplication in maize endosperm have shown that the capacity for 
endoreduplication seems to be maternally inherited (Engelen-Eigles et al., 2000; Larkins 
et al., 2011), and higher temperatures (35°C compared to 25°C) can reduce the amount of 
endoreduplication (Barow, 2006).  The range of spontaneous fertility restoration of the 
ear ranges from 25%-94% (Chalyk, 1994; Liu et al, 2000; Han et al., 2006; Chang and 
Coe, 2009), and restoration of tassel fertility ranges from 2.8%-46% (Shatskaya et al., 
1994; Liu et al., 2000; Wei and Chen, 2006; Han et al., 2006; Chang and Coe, 2009).  
The low percentage of tassel fertility restoration is the major limiting factor to producing 
seed from a haploid plant.  In addition to the limitations for spontaneous fertility 
restoration, the haploid plant is less vigorous and more likely to show symptoms in a 
stressful environment (Chase, 1952; Chalyk, 1994; Geiger, 2009).   
Genome doubling rates can be increased by proper treatments.  Kato (2002) 
developed a method to treat haploid plants with nitrous oxide gas.  However, this method 
is very tedious and specialized equipment is required (Chang and Coe, 2009; Geiger 
2009).  Another option is the use of a colchicine treatment.  One of the methods used by 
Eder and Chalyk (2002) treats haploid seedlings at the three to four leaf stage with a 
0.125% colchicine solution containing 0.5% dimethyl sulfoxide that is injected right 
above the growing point in the stem.  Use of artificial doubling methods has resulted in 
an average doubling rate (DR) of 44% for haploids treated with nitrous oxide (Kato, 
2002) or 27.3% for the colchicine injection method used by Eder and Chalyk (2002),  
higher than the 3.3% found in spontaneous doubling haploids by Chalyk (1994). 
39 
 
The GEM program has used the DH method to produce homogeneous lines of 
homozygous genotypes from introgressed exotic germplasm of the allelic diversity (AD) 
project to accelerate release of germplasm introgression from 300 races.  Concerns with 
use of in vivo DH technology on AD sources are whether a) choice of elite ex-PVP line 
as recurrent parent impacts efficiency of DH line development, b) exotic donor parent 
differences impact DRs and/or DH line production, and c) origin based on elevation 
(highland versus lowland) is associated with differences in DR or DH development.  In 
this study, DR was evaluated for two elite recurrent parents and 18 donor races from 
three elevation groups.   
 
Materials and Methods 
Races from the AD project were selected and assigned to three elevation groups.  
The high elevation group consisted of races above 2,500 meters, the mid elevation group 
of races grown at an elevation between 1,500-2,499 meters, and low elevation races 
originating from elevations below 1,500 meters (Table 1).  Six races were randomly 
selected from each of the three elevation groups for a total of 18 races. These 18 races 
were represented in both ex-PVP recurrent parent backgrounds (PHB47 or PHZ51), 
resulting in 36 populations for this experiment.  The putative haploid seed used in this 
experiment was developed as described previously in chapter 3. 
Spring 2013, ten replicates per population, each with ten putative haploid plants, 
were planted in pots in a complete randomized design for a total of 360 experimental 
units.  All pots were grown in the USDA greenhouses on the Iowa State University 
campus.  All putative haploid plants received treatment by injecting a 0.125% colchicine 
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solution with 0.5% dimethyl sulfoxide into the stem above the growing point at the 3-4 
leaf stage (Eder and Chalyk, 2002) to promote doubling.  Plants were transplanted to the 
field after a few days of hardening outside.  
During the pollination period in 2013, the DH nursery was examined daily for 
plants with extruded anthers.  If pollen shedding anthers were found, then self-pollination 
was attempted the same day.  If necessary, ear husks were cut back to provide access to 
silks.  If there were multiple shedding anthers, the anthers were tapped onto a bag and the 
pollen applied onto the available silks.  If only one or two anthers were shedding, then the 
anthers would be plucked off the tassel, placed on a pollinating bag, cut open, tapped to 
release the pollen, and the pollen applied to the silks.  During the 2013 season, 70% of 
pollinations required anther cutting.  For statistical data analysis, the following model 
was used: 
yijkl~Binomial(nijkl, pijkl), 
Where yijkl represents the number of individuals with successfully doubled 
genomes, nijkl is the final stand of the row, and pijkl is the probability of doubling for that 
row.  With ex-PVP background at the ith level, elevation at the jth level, race at the kth 
level, and the row replication at the lth level.  Due to assessment of doubling success as a 
yes/no observation and low number of data points, a binomial distribution was assumed.  
The DR was calculated by dividing the number of plants bearing an ear with viable 
kernels (one or more kernels) by the final plant population.  Any ears with segregating 
kernels or kernels expressing the Navajo gene were considered to be hybrids and were 
not included in the calculation.    
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Results 
In the summer of 2013 the average DR for the experiment was 8.34%, with an 
average of 13.46 kernels/ear.  The results were non-significant (Pr = 0.45) for the 
elevation groups with the average DR for low elevation at 7.56%, mid elevation DR at 
7.90%, and high elevation DR at 9.92% (Table 2).  The average kernel set per ear was 
also non-significant (Pr = 0.8312); with mid elevation at 12.4 kernels/ear, high elevation 
at 12.7 kernels/ear and low elevation at 15.2 kernels/ear (Table 2).  The ex-PVP parent 
background effect was also non-significant (Pr = 0.7554) with an average DR of 8.11% 
for races backcrossed to PHZ51 and an average DR of 8.59% for races backcrossed to 
PHB47 (Table 3).  Average kernel set per/ear was also non-significant (Pr = 0.2553) for 
the ex-PVP background effect, with PHZ51 averaging 10.6 kernels and PHB47 averaging 
16.2 kernels/ear (Table 3).  The average DR for races ranged from 2.19% for Tuxpeño 
Norteño to an average DR rate of 15.91% for the Harinoso de Ocho race (Table 1), with 
race DR being non-significant (Pr = 0.9504).  Among the races, the Corioco race had the 
highest kernel set/ear (46 kernels) and Cuzco Cristalino Amarillo had the lowest average 
kernel set/ear with two kernels (Table 1).  Race effect was also non-significant (Pr = 
0.2943) for average kernel set/ear. 
 
Discussion 
This study covers only one growing season.  Although there were enough 
experimental units to evaluate all the questions that were raised, the type of growing 
season will affect doubling.  In our previous experience with DH breeding, hot and dry 
years seem to reduce the doubling rate, while cooler wetter seasons seem to increase 
42 
 
observed doubling rates. The summer of 2013 was cooler, but also drier than normal 
when this experiment was conducted.  It would be beneficial to have another year of data 
to add power to the model, and to substantiate the results found in this experiment.  The 
Tuxpeño Norteño race did not produce any doubled haploid seed when it was 
backcrossed to PHB47.  Another year of data may alter this outcome.  It was not 
surprising to find that even kernel set was found to be non-significant between elevation 
groups, race, and ex-PVP background.  In the haploid induction study, the data for 
number of kernels set was very similar to the results found by Mercer et al. (2008), where 
lowland races were shown to produce high seed yield independent of the environment 
and highland races only gave good seed set at high elevations (Mercer et al., 2008).  In 
doubling haploid germplasm, seed set is dependent on the ability for the plant to double 
its genome.  It has been shown that doubling rates of tropical landraces lag behind those 
of more elite tropical germplasm or Corn Belt materials (Kleiber et al. 2012).  This is 
consistent with the low doubling rates observed in this experiment.  It has also been 
found that some genetic backgrounds will respond to use of colchicine for artificial 
doubling better than others (Ragot & Steen 1992).  Perhaps the ex-PVP backgrounds and 
landraces used in this study are less amendable to the use of colchicine for artificial 
doubling than other germplasm sources.  Results of this study suggest that increasing the 
rate of doubling from artificial induction methods is more likely to be successful than 
trying to identify genetic backgrounds in tropical landraces that are more conducive to 
doubling, regardless of their elevation, origin, or ex-PVP background used for temperate 
adaptation.   
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Previous doubling outcomes observed in 2009 were used to run a simulation to 
determine this experiment’s design and number of experimental units needed to detect 
differences.  However, that year’s (2009) data seems to be an exception for DH line 
production.  Due to this there seems to not be enough experimental units and data points 
to determine significance among the results observed in this study.  To increase the 
power of detection, it would be worth at least doubling the amount of experimental units 
used, or to re-run the simulation using this study’s results to determine the number of 
experimental units needed to detect differences.  It would also be recommended to 
evaluate this experiment in a more controlled environment such as a green house.  This 
would help to insure better results by reducing the amount of environmental variability 
due to weather events and give a clearer picture on the doubling outcomes. 
 
 Table 1. Doubling Rates and Average Kernel set per Ear by Race Averaged across ex-PVP recurrent parent 
background 
Accession# Race Country 
Altitude  
(M) Elevation Doubling Rate
Average 
Kernel per Ear
PI 483606 Cacahuacintle Mexico 2500 High 11.00% 21.7 
NSL 286967 Chillo Ecuador 2500 High 12.50% 12.6 
NSL 285802 Conico Mexico 2500 High 10.58% 14.2 
PI 485274 Cuzco Peru 2850 High 8.70% 8.8 
PI 503681 Cuzco Cristalino Peru 3250 High 4.08% 2.0 
Ames 28865 Huancavelicano Peru 2850 High 12.77% 9.8 
PI 443776 Amagaceño Colombia 1750 Medium 3.76% 5.8 
PI 485359 Arizona Peru 1500 Medium 9.35% 8.0 
PI 645786 Celaya Mexico 1500 Medium 8.04% 4.8 
Ames 28748 Patillo Grande Bolivia 2320 Medium 6.98% 27.1 
PI 444525 Sabanero Colombia 2400 Medium 11.30% 8.5 
Ames 28507 San Marceño Guatemala 2408 Medium 8.70% 17.8 
PI 444449 Comun Colombia 1100 Low 6.52% 6.8 
NSL 286500 Coroico Bolivia 180 Low 7.53% 46.0 
PI 489506 Harinoso de Ocho Mexico 100 Low 15.91% 9.8 
Ames 28824 Puya Grande Venezuela 360 Low 6.87% 7.2 
PI 511649 Tuxpeño Mexico 250 Low 6.62% 6.7 
PI 629142 Tuxpeño Norteño Mexico 500 Low 2.19% 16.0 
4
4
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Table 2. Doubling Rates and Average Kernel set per Ear by Elevation Group 
Elevation Doubling Rate Average Kernel (K) per Ear 
High 9.92% 12.7 
Mid 7.90% 12.4 
Low 7.56% 15.2 
 
Table 3. Doubling Rates and Average Kernel set per Ear by ex-PVP Background 
Ex-PVP Parent Background Doubling Rate Average K per Ear 
PHB47 8.59% 16.2 
PHZ51 8.11% 10.6 
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CHAPTER 5 
WEIGHING IN ON A METHOD TO DISCRIMINATE MAIZE HAPLOID FROM 
HYBRID SEED 
 
Introduction 
Producing inbred lines in maize can take up to eight seasons, when using a 
conventional breeding protocol, but as few as three seasons with the use of the doubled 
haploid (DH) breeding method.  The first step to create DH lines is to induce haploid 
individuals.  Two options are available to achieve this goal.  The first option is to utilize 
in vitro techniques, such as anther culture to produce haploids.  In vitro methods are time 
consuming, meticulous and have been inefficient in producing haploid individuals in 
maize (Geiger, 2009; Chang and Coe, 2009).  The second option is to use in vivo 
methods, which utilize a haploid inducer genotype to promote haploid progeny in a cross 
pollination.  Male inducer lines utilize the Navajo (R1-nj) marker to distinguish between 
outcrossed, haploid, and hybrid seed progeny.  A cross made using a haploid inducing 
genotype will produce a limited percentage of haploid individuals.  RWSxRWK-76 is a 
maternal haploid inducer, developed at the University of Hohenheim, and has a haploid 
induction rate of about 10% (Geiger, 2009).  Individual haploid and hybrid seed from a 
successful cross made with RWSxRWK-76 (male) will display a purple cap on the top of 
the kernel.  Kernels not displaying the purple cap are considered to be an outcross and are 
discarded.  Hybrid kernels will display a purple scutellum on the embryo of the kernel 
and can be discarded.  Haploid kernels do not have a purple scutellum, distinguishing 
them from hybrid seed.  To identify putative haploid kernels based on color markers is a 
time consuming effort, and not all maize backgrounds will display good visual markers.  
Three color inhibitor genes (C1-I, C2-Idf, and In1-D) that disrupt anthocyanin 
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pigmentation (Eder and Chalyk, 2002) are typically found in flinty endosperm 
backgrounds (Röber et al., 2005; Eder and Chalyk, 2002). 
There are other methods for distinguishing haploid individuals, such as use of a 
transgenic herbicide-resistant inducer and testing progeny to identify herbicide 
susceptible, haploid individuals (Geiger, 2009).  Another method uses a high oil inducer 
genotype and uses oil concentration to differentiate between haploid and hybrid seed 
(Chang and Coe, 2009; Geiger and Gordillo, 2010).  This method produces haploid 
embryos that are smaller than the hybrid embryos resulting from that cross (Chang and 
Coe, 2009).  If this is also true for high oil inducers, could haploid embryos be smaller 
than other embryos from crosses with any inducer line that employs the R1-nj color 
marker to distinguish between haploid, hybrid and out-crossed seed?  If so, would 
haploid seed weigh significantly less than the hybrid seed from that cross, and could it 
serve as a factor for distinguishing haploids with genes that inhibit R1-nj expression.  In 
this study, seed weight was evaluated for use as a metric to differentiate between haploid 
and hybrid progeny among publicly available lines, cross-pollinated with the 
RWSxRWK-76 inducer. 
 
Materials & Methods 
In the summer of 2011, A632, G80, Mo17, and LH82 were pollinated using 
RWSxRWK-76 to produce haploid seed, and PHB47 and PHZ51 were pollinated in the 
summer of 2012with the same haploid inducer.  G80, LH82, PHB47, and PHZ51 are 
expired Plant Variety Protection (Ex-PVP) lines, and A632 and Mo17 are popular public 
inbred lines. In the winter of 2011/2012, the progeny from the A632 and Mo17 crosses 
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were selected and screened for seed size using 0.31 cm and 0.15 cm diameter screens 
(Experiment 1).  Eleven putative haploid seedlings and eleven hybrid seedlings, as 
determined by R1-nj expression, were selected at random for each line from the 
remaining bulk seed ranging in size between the two screening sizes (44 experimental 
units).  Seeds of these two lines were sent to Strube Research GmbH & Co.KG, 
Sollingen, in Germany, for preliminary evaluation of weight as a method for 
distinguishing haploid from hybrid seed. Strube Research GmbH & Co. KG, in Germany, 
used a Mettler Toledo scale with a sensitivity of 0.1 mg to weigh each kernel.  The 
following statistical model was used with a 90% confidence interval: 
Yijk = µ + Li + Tj + LTij + εijk 
Y = the response observed for the ijkth experimental unit, L = the line at the ith 
level, T = kernel type at the jth level, LT = the interaction between the line and kernel 
type at the ijth level, ε = the standard error at the ijkth level. L and T are fixed effects, and 
a normal distribution was assumed.  Data were analyzed using SAS 9.2. 
In the winter of 2012/13, 11 haploid and 11 hybrid seeds of all six lines (132 
experimental units) were weighed using an Ohaus scale that measures with a resolution 
of 0.1 mg at the North Central Regional Plant Introduction Station in Ames, Iowa 
(Experiment 2).  Haploid and hybrid A632 and Mo17 kernels from the cross with the 
inducer genotype were reselected, at random, and measured, to confirm the accuracy of 
the scale and results of the second experiment.  This experiment was analyzed using the 
same model mentioned above, but with a 95% confidence level due to use of more 
experimental units than the prior experiment. 
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Results 
In Experiment 1, the average kernel weight among lines was non-significant at a 
10% level (Pr = 0.5150), and kernel type was significant (Pr = 0.0007), with hybrid seed 
weighing significantly more than haploid seed (Table 1).  The average kernel weight of 
haploid kernels was 273.2 mg and the average hybrid kernel weight was 316.4 mg (Table 
1).  The interaction of the line and kernel type was non-significant (Pr = 0.1396).  
However, A632 was the only genotype, where kernel types were significantly different 
from each other (Table 2).  A632 haploid kernels averaged 268.2 mg and A632 hybrid 
kernels averaged 329.1 mg for weight, whereas Mo17 haploids weighed 278.2 mg and 
Mo17 hybrids weighed 303.6 mg on average (Table 2). 
In Experiment 2, genotype was significant at a 5% level (Pr = 0.0001) as well as 
the interaction of line and kernel type (Pr = 0.0119).  Kernel type remained significant (Pr 
= 0.0003) with haploid kernels weighing on average 305.1 mg, while hybrid kernels 
weighed 328.3 mg on average (Table 3).  When evaluating kernel type within lines, 
haploids kernels weighed less than hybrid kernels except for G80.  The average G80 
haploid kernel weight was 362.3 mg, and the average G80 hybrid kernel weight was 
342.6 mg (Table 4). G80 has large seed size and has been utilized in our DH research to 
estimate induction frequency due to the easily distinguishable marker in the embryo to 
differentiate hybrid seed from putative haploids.  A632 and PHZ51 were the only lines 
with significantly different haploid and hybrid kernel weights (Table 4).   
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Discussion 
These experiments verified that haploid kernels weighed significantly less than 
hybrids in both experiments, and that kernel weight could be utilized to enrich selection 
for haploid kernels.  It was not surprising that the type of line and interaction between the 
line and kernel type was significant in the second experiment due to the larger number of 
lines and experimental units evaluated. As the interaction between line and kernel type 
was significant in experiment two, the efficacy of successfully identifying haploids in 
multiple backgrounds may not be sufficient for some breeding programs due to the need 
for a stringent threshold to avoid false positives.  We evaluated whether heterotic 
grouping impacts haploid – hybrid seed weight differentiation.  In Experiment 2, three 
stiff stalk (G80, PHB47, and A632) and three non-stiff stalk lines (LH82, PHZ51, and 
Mo17) were evaluated for haploid and hybrid weight, and only A632 and PHZ51 showed 
significant differences among haploid and hybrid kernels for weight.  At least for the 
lines tested, there was no significant impact of heterotic pool identity on haploid – hybrid 
seed differences.  As G80 exhibited heavier haploid than hybrid seed, it is advisable to 
evaluate a small sample of a population prior to running a complete sample through an 
automated sorting process.  A larger sample size might have created a different outcome 
in the weight distribution found in the G80 population, and it would have increased the 
power of the experiment to detect significant differences.  True flinty backgrounds were 
not addressed in this experiment due to haploid and hybrid seed being unavailable during 
the time in which the study was done.  Screening seed prior to haploid sorting in order to 
produce similarly sized samples was important to the analysis and outcomes of this study.  
The next step in using weight as a tool for haploid and hybrid differentiation would be to 
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conduct an experiment inducing various heterotic backgrounds, sort putative haploid 
kernels based on weight alone and by color marker alone, grow them out, evaluate and 
compare the rates of false positives (hybrids) found within the putative haploid groups.   
Using weight to discriminate haploid from hybrid seed would likely be less 
efficient for enrichment of haploids compared to color markers or using a high oil 
inducer.  Utilizing a high oil inducer would also be a more accurate, high throughput 
method than using weight alone.  One study found that haploid identification using a high 
oil inducer can be 90% accurate (Chen & Song 2003; Chang & Coe 2009).  However, if a 
high oil inducer line is unavailable, then differentiating haploid and hybrid seed based on 
weight will be much faster than the use of color markers alone.  New methods could be 
developed evaluating three dimensional (3D) computed tomography (CT) scanning 
technology.  3D CT uses a sealed microfocal x-ray tube that utilizes a manipulation 
system, a flat panel x-ray detector, and a system of computers for acquiring the data, and 
reconstruction and processing of the the 3D image.  This technology is currently used by 
Strube Research GmbH & Co.KG on sugar beet seeds to evaluate the morphological and 
anatomical features of the seed that correlate to the seedling emergence capabilities.  The 
use of the 3D CT scanning technology could be used as a non-destructive, high 
throughput way to observe differences in the seed between haploids and hybrids.   
Currently, visual sorting is the most common method for distinguishing haploid 
seed from hybrid seed.  Data reported in this study, suggests that moving to an automated 
system that uses weight evaluation to differentiate haploid individuals from hybrid is an 
option to consider.  One could set a very stringent limit on weight that would result in 
loss of haploid individuals in the higher weight category.  This would reduce field effort 
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and resources needed for rogueing hybrids, but more induction crosses would be 
necessary to obtain sufficient haploid seeds to satisfy a required number of doubled 
haploid individuals, post-weight screening process.  One could also set a very loose limit 
on weight, resulting in an increase of hybrid individuals found in the field after sorting.  
This would increase hybrid rogueing efforts, but would also increase the number of 
haploids making it through the screening process and reduce the number of induction 
crosses needed.  Using either method, there would be a dramatic decrease in the amount 
of time and labor required to separate haploid from hybrid seed compared to visual 
identification.  Judgment will be required to determine the balance between excluding 
haploid individuals in the upper weight distribution versus including more hybrid 
individuals that will be mixed in with the heavier haploids.  
 
Table 1. Experiment 1: Comparison of LS means for kernel type 
Letter Kernel Type Average Weight
A Hybrid 316.4 mg 
B Haploid 273.2 mg 
Same letter are NOT significantly different 
 
Table 2. Experiment 1: Comparison of LS means for interaction of the line and 
kernel type 
Letter Line Accession # Kernel Type Average Weight 
A A632 PI 587140 Hybrid 329.1 mg 
AB Mo17 PI 558532 Hybrid 303.6 mg 
BC Mo17 PI 558532 Haploid 278.2 mg 
C A632 PI 587140 Haploid 268.2 mg 
Same letter are NOT significantly different 
 
Table 3. Experiment 2: Comparison of LS means for kernel type 
Letter Kernel Type Average Weight
A Hybrid 328.3 mg 
B Haploid 305.1 mg 
Same letter are NOT significantly different 
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Table 4. Experiment 2: Comparison of LS means for interaction of the line and 
kernel type 
Letter Line Accession # Kernel Type Average Weight 
A G80 PI 601037 Haploid 362.3 mg 
A PHZ51 PI 601322 Hybrid 357.0 mg 
A A632 PI 587140 Hybrid 348.8 mg 
AB G80 PI 601037 Hybrid 342.6 mg 
BC PHB47 PI 601009 Hybrid 314.6 mg 
CD LH82 PI 601170 Hybrid 306.4 mg 
CD PHZ51 PI 601322 Haploid 305.7 mg 
CD Mo17 PI 558532 Hybrid 300.3 mg 
CD A632 PI 587140 Haploid 297.8 mg 
CD PHB47 PI 601009 Haploid 292.9 mg 
CD Mo17 PI 558532 Haploid 288.2 mg 
D LH82 PI 601170 Haploid 283.7 mg 
Same letter are NOT significantly different 
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CHATER 6 
CONCLUSIONS 
 
Haploid induction results seemed to correlate with the ability of the female plant 
to produce seed.  As reported in the Mercer et al. (2008) experiment, lowland tropical 
races produced more seed than those from the mid-elevation and highland races.  Better 
seed production increases the availability of higher populations for identification, thus 
increasing the probability that the results of this experiment align with the proposed 
induction percentage of 10% for the RWSxRWK-76 inducer hybrid parent.  Similarly, all 
BC1’s with the PHB47 recurrent parent produced 33% more seed in this study compared 
to the BC1’s with the PHZ51 recurrent parent.  This is not surprising because PHB47 is 
traditionally used as a female in commercial application due to its high seed yields; 
PHZ51 is typically used as the male in commercial hybrid increases and does not have 
high seed yield.  The induction experiment also had more than a sufficient number of 
experimental units (720) and data points (>117,000) for the statistical analysis.  This 
greatly increased the power to detect differences, when compared to the haploid doubling 
rate experiment. 
In the haploid doubling rate experiment, all results were non-significant.  This 
could be due to the use of all tropical landraces which were shown to have much lower 
doubling rates compared to more elite materials (Kleiber et al. 2012).  Results could have 
also been influenced by the environment for that particular year of the study.  Also, the 
reduced amount of experimental units (360) and data points (181) for the experimental 
units, when compared to the haploid induction study, reduced the power to detect 
differences.  A second season for this experiment would help increase analytical power 
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by providing another sampling environment, and could alter the results of this study and 
interpretation. 
The use of seed weight as a haploid sorting mechanism can be considered based 
on the results of the haploid weight study.  However, there needs to be sample testing for 
each particular background because the pedigree of the line did impact the results 
observed.  One must also consider the outcomes of setting the limits for haploid selection 
based on weight.  If the upper weight limit of the weight is set too high, more hybrids will 
be present (false positives) and more time will be required to rogue them out.  If the 
lower weight limit is set too low, then fewer haploid plants will be identified (false 
negatives) and more induction crosses will need to be made obtain sufficient haploid 
population for development objectives.  It is imperative to screen the seed for size and 
discard extreme fractions before determining weights in order to observe results similar 
to those of this study.  Kernels at the upper and lower ends of the ears are too varied in 
size and their weight can skew the results.  This experiment was done on elite Corn Belt 
germplasm and was not attempted on flinty backgrounds.  This was due to seed 
availability and ease in identifying and correctly evaluating haploid kernels based on 
color markers.   
The results found in the experiments of this study suggest that for induction 
purposes, identifying a non-stiff stalk ex-PVP line with higher seed production capability 
than PHZ51would benefit the AD program by producing more haploid kernels.  Also, the 
discovery that landraces from high and middle elevations will produce less seed is 
beneficial. Those landraces could be allocated more nursery rows than low elevation 
group landraces in order to make a sufficient number of induction crosses, increasing the 
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likelihood of reaching AD program haploid population goals.  When haploid seeds from 
landraces in the AD project have colored aleurones that mask the R1-nj marker, or 
carrying color inhibiting genes, the use of kernel weight could be utilized to reduce the 
amount of seed needed for propagation and doubled.  This would reduce the resources 
allocated to these problematic populations to produce DH lines.  Finally, the results of the 
doubling experiment are useful for enhancing the doubling phase of the AD project.  
Identifying ex-PVP line (or other public line) backgrounds that, when used with tropical 
germplasm, can generate progeny more conducive to chromosome doubling would 
enhance AD project results.  Utilizing those ex-PVP lines with higher average doubling 
rates as recurrent parents could increase the number of DH lines produced, reduce row 
and resource requirements, and more effectively provide unique research resources with 
valuable exotic donor introgressions.  
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